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Dust and G S Exposure in Tunni 5I
Construction Work

Personal exposures to dust and gases were measured among 189 underground construction
workers who were divided into seven occupational groups performing similar tasks in similar
working conditions: drill and blast crew; shaft-drilling crew; tunnel-boring machine crew;
shotcreting operators; support workers; concrete workers; and electricians. Outdoor tunnel
workers were included as a low-exposed reference group. The highest geometric mean (GM)
exposures to total dust (6-7 mg/m?) and respirable dust (2-3 mg/m?) were found for the
shotcreters, shaft drillers, and tunnel-boring machine workers. Shaft drillers and tuhnel-boring
machine workers also had the highest GM exposures to respirable a-quartz (0.3-0.4 mg/m?),
which exceeded the Norwegian occupational exposure limit (OEL) of 0.1 mg/m?. Shaft drillers
had the highest exposure to oil mists (GM=1.4 mg/m?), which was generated mainly from
pneumatic drilling. For other groups, exposure to oil mist from diesel exhaust and spraying of
oil onto concrete forms resulted in exposures of 0.1~0.5 mg/ms. Exposure to nitrogen dioxide
was similar across all groups (GM=0.4-0.9 ppm), except for shaft drillers and tunnel- -boring
machine workers, who had lower exposures. High short-term exposures (>10 ppm), however,
occurred when workers were passing through the blasting cloud.

Keywords: a-quartz, epidemiology, exposure assessment, nitrogen dioxide, oil mist,

tunnel

nderground construction has been as-
sociated with a variety of exposures, in-
cluding diesel exhaust, silica dust, oil
mist, and nitrogen dioxide."® Large
amounts of dust and gases are liberated when
rock is blasted. The composition and amount of
dust and gases released after blasting may be in-
fluenced by the type of explosive used.”® Dust
is also generated by rock drilling and transport
operations. Depending on the geology at the
work site, high exposures to a-quartz may occur.
Diesel-powered machinery, which is used in most
underground construction processes, produces
carbon monoxide, oxides of nitrogen, various
hydrocarbons such as formaldehyde, and partic-
ulate matter.® Oil mist is produced when min-
eral oil is sprayed onto machinery for surface
protection against concrete spills and onto con-
crete forms to prevent the concrete from stick-
ing. Changes in the technology have made it
possible to complete several phases of the con-
struction process simultaneously, which has
probably increased exposure substantially.
Several health effects have been reported due

to exposures encountered in underground con-
struction. There have been reports of .acute
bronchitis among tunnel workers,19 and diesel
exhaust has been shown to cause asthma and
airway obstruction.*2) A recent case report con-
cluded that exposure from handling the explosive
ammonium nitrate fuel oil (ANFO) caused res-
piratory irritation."® Silicosis, a progressive and
sometimes fatal lung disease, has been long rec-
ognized in the rock-drilling work force.( In a
study of tunnel workers exposed to partly de-
composed MDI-based grouting it was found
that risk for occupational asthma and respiratory
symptoms was enhanced.('® Reductions in pul-
monary function over a work shift have been
demonstrated in shotcreting operators.(1)
Among tunnel workers in Norway, high preva-
lence rates of chronic obstructive lung disease
have been reported, but the etiology is not
clear.1”

Knowledge of exposure-response relation-
ships of lung disease in tunnel workers is limited.
This is partly due to the lack of quantitative in-
formation on possible exposures. Personal ex-
posure data have been reported in only a few
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studies, ' and several authors have stressed the need for:;
information on exposure levels and job tasks.(#1 The ol
of this study was to characterize the exposures of underground
construction workers in an epidemiological study on the i
ship between exposure and obstructive lung disease.”

BACKGROUND

An underground construction project has three components de-
scribed by the cross section of the excavated area and the di-
rection of the slope: tunnels (horizontal), shafts (vertical), and
rock caverns (horizontal). Tunnels are used in road systems and
hydroelectric power plants. Shafts are used in hydroelectric power
plants and as a source of fresh air for tunnels. Rock caverns are
widely used for oil storage, waste disposal, and car parks.

Underground construction includes a sequence of steps: ex-
cavation, rock support, and various finishing works including in-
stallation of electricity and road paving. Two methods of excava-
tion are common: the conventional method of drilling and
blasting and the use of a full-face tunnel-boring machine (TBM).

The method of drilling and blasting often requires three to four
workers: one drill-rig operator, one drill rig helper, one mechanic,
and/or one worker to operate the loader. The duration of a drill
and blast cycle varies depending on the cross section, but is typi-
cally 2-4 hours for drilling; .5-1 hour for charging, blasting, and
smoke clearance; about .5-1 hour for removing loose rocks; fol-
lowed by 2—4 hours for mucking out (hauling) the rock and trans-
porting it to the outside. Removal of loose rock traditionally has
been accomplished using hand tools but is now usually performed
with a hydraulic jackhammer. The crew is also responsible for the
daily maintenance of the loader and the drill rig.

The second method of excavation, a TBM, often is used in
heavily populated areas where the traditional blasting method is
considered inappropriate because of the release of blasting fumes
and noise to the surroundings. The TBM equipment is electrically
powered, and the operator of the TBM sits in a closed cabin.
Behind the TBM are conveyor belts or cars connected to a train
for transport of broken rock out of the tunnel. Each crew consists
typically of one operator, a mechanic who can also operate the
machine, an electrician, and a loader.

The most common explosives used in drilling and blasting are
dynamite, ANFO, and site-sensitized emulsion (SSE). The latter
explosive is a water-in-oil emulsion consisting of a nitrate solution
and an oil phase. The latter two explosives were used in the study.

Fumes from a drill and blast operation usually are ventilated
through the tunnel cavity using a one-way ventilation system.
Fresh air is supplied through flexible ventilation ducts into the
tunnel face, but contaminated air is not mechanically removed by
exhaust ventilation. In a two-way ventilation system two separate
ventilation ducts are installed, one to supply fresh air and the other
to remove the contaminated air.

In the construction of shafts, a raise climber is common, al-
though a TBM also can be used. The raise climber is a platform
that can be raised as the height of the shaft increases. The platform
covers the entire cross section of the work area. A compressor
installed in the tunnel provides pneumatic pressure to power the
drilling equipment and to provide a source of air (albeit contam-
inated) in the work area. Depending on the size of the platform,
there are three or four workers engaged in the drilling and blasting
and one mechanic.

Throughout the process and after the excavation has been
completed, rock support is performed. The major types of rock
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ERIALS AND METHODS

Site Selection and Characteristics

Fifteen Norwegian underground construction projects and one
project in Italy with a Norwegian contractor were surveyed to
assess the personal exposures of underground construction work-
ers. In addition, concrete workers performing ironwork and car-
pentry work outside the tunnels were included in the study to
serve as a reference group for the epidemiological study.C”)

The sites were selected because they were considered to be
representative of projects in Norway. The projects built tunnels,
rock caverns, and shafts. The excavated cross sections ranged from
13 to 340 m?. Tunnels were between 500 m and 2500 m long,
rock caverns were about 100 m long, and the one shaft in the
study was 200 m long at the time of the study. All of the rock
caverns and tunnels had a one-way ventilation system. The dis-
tance from the end of the ventilation duct to the tunnel face was
40-60 m and the fan flow rate was typically between 1800 and
2500 m?/min. The shafts had no mechanical ventilation system.
In all projects the machinery was diesel powered and the same
types of machines were used.

Sampling Strategy

After walk-through surveys of the sites were conducted and in-
formation on jobs and tasks was collected, workers were divided
into groups performing similar tasks under similar working con-
ditions. Occupational groups included in this study are described
in detail in Table L.

A random sample of workers from each group was asked to
participate in the study. Participation was voluntary. Exposures to
dust and gases were determined by means of personal sampling,
and two or more agents were measured for each person for at least
two days. Workers were interviewed after sampling for their per-
ception of the normalcy of the exposure conditions.

Under the labor agreements of the workers the work shift was
10 hours with two breaks of 30 min each. The sampling time was
limited to 5-8 hours (unless otherwise noted) because of the lim-
ited battery capacity of the sampling equipment. High dust con-
centrations further increased power consumption. However, the
sampling time was considered representative for the whole work
shift because the sampling periods within a shift were selected ran-
domly and tasks were often repeated during the day.

Sampling Methods and Analysis

Total dust and particulate polycyclic aromatic hydrocarbons
(PAHs) were collected on acrylic copolymer membrane filters
(Versapore 800, Gelman Sciences, Ann Arbor, Mich.), with a 0.8
wm pore size, fitted in 25 mm closed-faced aerosol filter cassettes
(Gelman Sciences) at a sampling flow rate of 2 L/min. The par-
ticle mass was measured with a microbalance (Sartorius AG, MC
210 p, Goettingen, Germany), with a detection limit of 0.06 mg
(0.063 mg,/m? based on 8 hours of sampling).

For collection of PAHSs and other volatile organic compounds




posures (Sources)

Job Groups -

Excavation
Drill and blast crew :

Shaft drilling crew

TBM crew

Protection and Securing Work
Shotcreting operators

Support workers

Finishing Work
Concrete workers (ironworkers,
carpenters)

Electricians

The excavatig
drill rig is o}
There'is'a:
changes® 4
service worl
explosives. ‘After ng of explosives; therock
is blasted. The'blasted rock is transported out of
the tunnel or rock cavern by the crew members.

The excavation method is drilling and blasting using

a raise climber. They use pneumatic handheld
equipment for rock drilling. The only ventilation in
the work area comes from the pressurized air
used to power the drills. Because the platform is
transported out of the shaft before blasting, the
workers are generally not in contact with the
blasting fumes. However, particular weather
conditions may cause blasting fumes to be
trapped inside the shaft.

The excavation method is drilling. The TBM crew
operates a tunnel-boring machine that drills the
entire cross section of the tunnel or shaft. The
rock is broken up by the drill head, loaded
automatically on a conveyor belt or into muck
cars connected to a train, and transported out of
the tunnel. The drilling machine is electric
powered and explosives are not used. There are
various dust control systems available.

Shotcrete is applied on the tunnel walls for rock
support. The operator sits in a mobile chair and
directs a nozzle, which Sprays wet concrete onto
the excavated surface. Some of the rigs have an
enclosed cabin where the operator sits. For other
rigs the operator stands on the ground next to
the rig. Before the work starts the rig is often
sprayed with mineral oil to protect its surface.
The concrete is mixed offsite,

The support workers are responsible for the

installation and maintenance of ventilation
ducting, compressed air, cables and pipes, and
for the transporting of materials, This crew
includes mechanics and electricians who “work
behind” the excavation crew.

The tunnel concrete workers do iron and carpentry
work after the tunnel has been excavated.
Ironworkers first erect a steel form. Welding and
torch cutting of the steel is done intermittently but
frequently. Carpenters then construct a form in
wood and spray it with mineral oil. Moist concrete
is poured into the form and allowed to dry. The
wooden form is demolished, and occasionally the
concrete form is sandblasted to provide a smooth
surface.

The electricians are responsible for the final
installation of the permanent electrical power
supply at the construction site. The excavation
has been completed but various finishing work
may still be done while the electricians are in the
tunnel or rock cavern.

'

Diesel exhaust (drilling; loading, and tranispot
-equipment) . e
Nitrogen dioxide nd carbon monoxide (¢
powered equipment, blasting); short-term: .
exposure peaks were observed when workers

passed through the blasting cloud
Oil mist and oil vapor (spraying of mineral oil,
diesel-powered equipment)

Total dust and respirable dusting containing a-
quartz (shotcreting, drilling, loading, and transport
operations) )

Ammonia (blasting)

Oil mist and oil vapor (pneumatic drifling
equipment)

Total dust, respirable dust and a-quartz (drilling)
Nitrogen dioxide and carbon monoxide (from
blasting)—occasional exposure

Total dust, respirable dust, and a-quartz (drilling)

Total dust, respirable dust, and a-quartz
(shotcreting)

Nitrogen dioxide and carbon monoxide (diesel-
powered equipment)

Diesel exhaust (mobile rig, concrete delivery
equipment)

Oil mist and oil vapor (spraying of mineral oil)

Total dust, respirable dust, and «-quartz (drilling,
mixing concrete)

Nitrogen dioxide and carbon monoxide (diesel-
powered equipment, blasting); short-term
eéxposure peaks may occur when corkers are in
contact with the blasting cloud

Diesel exhaust (diesel-powered equipment)

Oil mist and oil vapor (diesel-powered equipment)

Total dust, respirable dust, and a-quartz
(sandblasting, drilling)

Nitrogen dioxide and carbon monoxide (diesel-
powered equipment, blasting); short-term
€xposure peaks may occur when workers are in
contact with the blasting cloud

Diesel exhaust (concrete delivery equipment,
diesel-powered equipment)

Oil mist and oil vapor (spraying of mineral oil)
Metal fumes (welding and torch cutting)

Wood dust (construction and demolition)

Metal fumes (welding)
Diesel exhaust (diesel-powered equipment)
Total dust, respirable dust, and a-quartz (drilling)
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-TABLE 1l. Descri f Construction Projects

“Number of

Excavated -, Samples . .
Cross Section (Al Agents  Sampiing Period :

Project Type Construction of (m?) __Included) 1996 :1997 1998 1999
Railway installati tunnel 61 . 289 — i
Railway installatio; tunnel 111 13 330 — » e
Railway install tunnel 35 i

rock cavern 150 2 443 -
Railway installation tunne! 113 23 215 : —
Road construction’ tunnel 130 8 72 —
Road construction tunnel 55 1 3 —
Road construction . tunnel 55 5 20 —
Road construction tunnel 50 4 143 —
Road construction tunnel 56 1 15 —
Road construction tunnel 56 1 8 —
Road construction tunnel 58 1 48 —
Cleaning/purification plant tunnel 27 18 181 _ .

rock cavern 255
Cleaning/purification plant rock cavern 342 34 159 — -
Power plantA tunnel 17 1 157 — —
Power plant shaft 13 8 36 —
Sports center rock cavern 319 7 90 —
Altaly.

(VOCGs) the empty space behind the filter was completely filled
with an adsorbent, XAD-2 (SKC, Blandford Forum, UK). Total
PAHs and VOCs were measured by gas chromatography (GC)
with a flame ionization detector (FID). The detection limits of
PAHs and VOCs were 0.2 pg/m? and 0.01 mg/m?, respectively,
based on 8-hour sampling at a flow rate of 2 L/min. The method
for sampling and determination of PAHs is described in detail
elsewhere.?®

Respirable dust was collected on 37-mm cellulose acetate filters
with a pore size of 0.8 um using a cyclone separator (Casella
T13026/2, London, UK) at a sampling flow rate of 2.2 L/min.
The particle mass was measured gravimetrically (with a detection
limit of 0.06 mg) and the a-quartz content in the respirable dust

TABLE Ill. Personal Exposure Levels in Tunnel Work by Agent

sample was measured by X-ray diffraction using National Institute
for Occupational Safety and Health (NIOSH) Method 7500.¢2122)

Formaldehyde was collected on a filter impregnated with 2,4-
dinitrophenylhydrazine (GMD 570 Formaldehyde passive dosim-
eter badge, GMD Systems) in a polypropylene housing. Formal-
dehyde was analyzed by high performance liquid chromatography
with an ultraviolet detector, according to information provided by
the producer of the dosimeters. The detection limit was 0.003
ppm based on an 8-hour sampling period.

Oil mist was collected on glass fiber filters (Whatman GF [A],
Maidstone, England) with a backup filter of cellulose acetate with
a pore size of 0.8 pm in 37 mm closed-faced aerosol cassettes
(Millipore Corp.). Oil vapor was collected on charcoal (SKC,

Geometric OEL

Number of  Number of  Arithmetic Geometric Standard
Agent Units Measurements  Persons Mean Mean Deviation Range Norway?® TLVEs
Total dust mg/m? 379 158 55 35 26 0.2-56 10 10°
Respirable dust mg/m? 386 151 1.7 12 2.4 0.03-9.3 5 3
a-Quartz mg/m? 299 127 0.13 0.035 5.0 0.001-2.0 0.1 0.05
vOC mg/m? 106 52 4.0 1.8 57 0.004-26 E E
Qil mist® mg/m? 194 115 0.47 0.33 2.2 0.02-4.4 1 5
Oil vapor® mg/m? 189 115 4.0 26 2.6 0.11-49 50 E
Formatdehyde ppm 34 25 0.020 - 0.018 1.6 0.005-0.04 0.5 0.3F
Nitrogen dioxide® " ppm 82 51 0.8 0.6 2.6 0.03-2.9 2¢ 3
Carbon monoxide® ppm 78 45 8.6 5.7 2.5 0.8-40 25 25
Carbon dioxide ppm 196 104 1100 1000 1.7 87-3100 5000 5000
Ammonia ppm 177 96 6.0 —A <2.5-60 25 25
Elemental carbon- wg/m? 10 8 220 -160 2.2 63-580 & &

Note: 47 PAH samples obtained from 25 persons were all below the limit of detection (LOD) (0.2 p.g/m?).

*Not possible because of too many measurements below LOD (2.5 ppm), n = 88.

®Some measurements appear to be below the LOD but were not, due to longer sampling times.
CAlthough individual measurements exceeded the LOD the average GM/AM is below the LOD due to the large number of LOD measurements.

Pinhalable dust.

ENo threshold limit value.
FShort-term exposure limit.
SCeiling value.
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fABLfE%T IV. Summary of Total Dust;?ﬁfgﬂespirable Dust, a-Quaﬁz.

Total Dust e Dust - “Elemental Carbon
~ (mg/m?) ) o (g
U GM - GM
nt . (95%Cl) GSD n GSD Ler GSD : (95% Ci) GSD
113 . 23 23 117 23 - 113 3.1 10340 3.0
i (2.0-2.7) : A - (0.020-0.031) £(110-1000)
Shaft drilling crew 7 6.1 4.1 7 .8 39 7 ¢+ 033 48 — 1 — —
(1.7-22) (0.79-10) (0.076-1.4)
TBM crew 41 6.2 2.0 43 - 20 2.0 43 0.39 2.6 — — —
(5.0-7.7) (1.6-2.5) (0.30-0.52)
Shotcreting operators 82 6.8 2.9 82 23 2.4 45 0.014 3.1 - — —
(5.4-8.7) (1.9-2.8) (0.010-0.019)
Support workers 16 1.9 2.8 16 0.67 2.4 12 0.010 2.9 — — —
(1.1-3.2) (0.42-1.1) (0.005-0.02)
Concrete workers 95 34 1.7 94 0.90 2.0 56 0.033 4.5 6 100 1.5
(3.0-3.7) (0.81-1.1) (0.022-0.049) (70-160)
Electricians 25 1.4 1.8 27 0.72 14 23 0.015 2.1 —_ — —
(1.1-1.8) (0.64-0.82) (0.011-0.020)

ANumber of measurements.
Note:— No measurements.

Blandford Forum, UK). The sampling flow rate for both com-
ponents was 1.4 L/min, and the sampling period was 2—4 hours.
Oil mist was measured by Fourier transform infrared spectroscopy
after desorption with Freon 113. A standard solution of the oil
that was the source of exposure was measured together with the
sample. Oil vapor was measured by GC-FID after desorption with
carbon disulfide®® and with n-decan (Fluka Chemie AG, CH-
9470, Switzerland) as a standard. The detection limit for oil mist
was 0.008 mg and for oil vapor it was 0.17 mg (0.05 mg,/m? and
1.0 mg/m? for oil mist and oil vapor, respectively, based on 2-
hour sampling).

Elemental carbon was analyzed as a marker of diesel exhaust.
Samples were collected on quartz filters in 37 mm closed-faced
standard aerosol cassettes with a sampling flow rate of 2.0 L/min.
The filters were analyzed for elemental carbon according to
NIOSH Method 5040?42 with a detection limit of 1.28 ug
(1.33 pg/m? based on 8-hour sampling).

Concentrations of carbon monoxide and nitrogen dioxide were
measured with direct-reading electrochemical sensors with a data-
logging facility built into the instrument (Neotox-xl personal sin-
gle-gas monitor, Neotronics Limited, Takeley, UK). An averaging
period of one reading every 2 min was selected. The detection
limit of nitrogen dioxide and carbon monoxide measurements was
0.2 ppm and 2 ppm, respectively. Direct-reading diffusion tubes
(Driger Aktiengesellschaft, Liibeck, Germany) were used to mea-
sure carbon dioxide and ammonia and had a detection limit of 63
ppm and 2.5 ppm, respectively, based on an 8-hour sampling pe-
riod.

Quality Control

One field blank was taken to the field per day for every 10 par-
ticulate samples, with at least 1 blank per day. All blanks were
analyzed and found to be below the limit of detection (0.06 mg).
The quality control procedures for the gravimetric measurements
also included measuring two weights (19.99 mg, SD=0.03 and
49.95 mg, SD=0.04), at the beginning of each weighing session.
The weights were calibrated annually by the Norwegian Metrol-
ogy and Accreditation Service. The laboratory that analyzed form-
aldehyde, PAH, a-quartz, and oil mist participated in interlabor-
atory proficiency testing programs.

The response factors of the electrochemical sensors were cali-
brated every third month by the supplier with calibration gases
obtained from Bedford Scientific Ltd., UK (carbon monoxide)
and Norsk Hydro, Rjukan, Norway (nitrogen dioxide).

Data Analysis

Using cumulative probability plots, the exposure data were found
to be best described by lognormal distributions and were In-trans-
formed for the statistical analyses. Standard measures of central
tendency and distributions (arithmetic and geometric means and
geometric standard deviations) were calculated. A small percent-
age of measurements of nitrogen dioxide (n=>5), volatile organic
compounds (VOC) (n=5) and respirable dust (n=3) were below
the detection limit. The geometric mean exposure (GM,,) and the
geometric standard deviation (GSD,,) were therefore estimated
according to Perkins et al.?® The estimated GMs were used to
calculate estimated values below the detection limit:?”

ny-ln GM,,, — ny.p - In GMy

Ny ™ Dyepp

InX_p =

where X, = estimated value below the detection limit; n = all
of the samples; GM,,= the estimated GM; GM,.,, = geometric
mean of samples above the detection limit; and ny.p; = the num-
ber of samples above the detection limit.

The Kruskal-Wallis test was used to evaluate the differences in
exposure levels among the job groups because of the heteroge-
neous variances across job groups. To increase independence of
the data only the first valid measurement from each person was
used in these tests. The Mann-Whitney test was used to evaluate
the differences in exposure levels between underground construc-
tion workers and outdoor construction workers. Statistical analyses
were carried out with SPSS 8.0 (SPSS Inc. Chicago, IIL.).

RESULTS

Measurcmcnts were carried out on the 16 work sites over a
period of three years between June 1996 and July 1999. Two
of the projects were associated with power plants, four with railway
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Carbon Monoxide Carbon Dioxide

~ (ppm) (ppm)
GM - j
(95% Cf) . GSD nt GSD
9.0 = 98 1.9
; (6.6-12) (870-1100)
Shaft drifling crew — — — — — — — - 8 1300 1.2
i (1140-1470)
TBM crew 1 0.2 0.2 — — —_ — — — —
Shotcreting operators 15 0.4 3.0 1.4 0.4-3.0 13 29 1.8 12 1000 2.2
(0.2-0.8) (2.0-4.2) (610-1700)
Support workers 4 0.5 4.5 1.9 0.5-3.9 2 10 1.5 12 690 1.5
(0.1-5.5) (0.2-470) (530-890)
Concrete workers 14 0.7 2.3 1.5 0.6-7.4 16 4.3 2.0 44 1000 1.4
(0.4-1.1) (3.0-6.2) (910-1100)
Electricians 9 0.9 1.5 3.1 1.7-5.3 9 3.3 1.9 22 1200 1.2
(0.6-1.2) (2.0-5.3) (1100-1300)

Note. — No measurements.
ANumber of measurements.

eMaximum observed peak value for a 2-min averaging period within shift measurements.

installations, seven with road construction, one with a sports cen-
ter, and two with cleaning/purification plants (Table II).

All 189 underground construction workers and 20 outdoor
concrete workers invited to participate in the exposure assessment
did so. The numbers of measured underground construction
workers were 52 drill and blast workers; 8 shaft-drilling workers;
11 TBM workers; 17 shotcrete operators; 12 support workers; 61
concrete workers; and 20 electricians. Most of the workers (77%)
were monitored on more than one occasion.

Table III gives a summary of the exposure levels by agent. In
addition, 47 samples were analyzed for PAH (25 workers), which
were all below the detection limit (<0.2 pg/m?). A Kruskal-Wallis
test between job groups showed statistical difference for all agents
(p<0.01) except for nitrogen dioxide (p=0.6), formaldehyde
(p>0.1), and elemental carbon (p>0.1). The mean exposures
showed a moderate variability in exposure levels across job groups

(Tables IV-VI). A quarter of the geometric standard deviations
from all agent- and job group combinations were greater than 3.0.

The highest geometric mean exposures to total dust (>6 mg/
m?) and respirable dust (= 2 mg/m?) were found in shotcreters,
shaft drillers, and TBM workers (Table IV). The geometric mean
exposure of a-quartz varied from 0.010 mg/m? (support workers)
to 0.39 mg,/m?3 (TBM workers) (Table IV). Ten elemental carbon
samples were collected at a single work site (a rock cavern). The
geometric mean exposures of the drill and blast workers and the
concrete workers were 340 and 100 pg/m3, respectively (Table
IV). The geometric mean exposures to nitrogen dioxide varied
from 0.2 ppm (TBM workers) to 0.9 ppm (electricians) (Table
V). However, the drill and blast workers were exposed to high
peaks of nitrogen dioxide when passing through the blasting
fumes during transportation of the blasted rock out of the tunnel.
The maximum observed peak value was 20 ppm among these

TABLE V1. Summary of Total Volatile Organic Compounds, Formaldehyde, Oil Vapor, and Oil Mist Exposure Concentrations by Job Group

vOoC Formaldehyde Qil Vapor Oil Mist
(mg/m?) (ppm) {mg/m?) (mg/m?)
GM GM GM GM
Job Group nt (95% Cl) GSD nt (95% Cl) GSD nt (95% CI) GSD n (95% CI) GSD
Drill and blast crew 76 29 4.0 10 0.021 1.8 80 3.7 2.3 79 0.31 1.6
(2.1-3.9) (0.014-0.032) (3.1-4.5) (0.28-0.35)
Shaft drilling crew — — — — — — — — — 7 1.4 5.0
(0.32-6.3)
TBM crew 10 1.0 7.2 — — — 10 0.31 1.6 10 0.07 1.8
(0.34.2) (0.23-0.44) (0.05-0.11)
Shotcreting operators 2 18 1.3 — — — 23 4.2 1.9 23 0.37 2.6
(1.8-180) (3.2-5.6) (0.25-0.56)
Support workers 5 0.3 1.3 6 0.011 1.7 10 1.6 5.3 10 0.29 25
(0.2-0.3) (0.006-0.019) (0.48-5.2) (0.15-0.55)
Concrete workers 13 0.3 71 18 0.019 1.3 41 2.0 1.5 40 0.45 15
(0.1-1.0) (0.017-0.032) (1.8-2.3) (0.39-0.51)
Electricians — — — — — — 25 2.1 1.7 25 0.29 1.3
(1.7-2.6) (0.26-0.32)

Note:— No measurements.
ANumber of measurements.
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TABLE VI Personal Exposure Levels in Outdoor C tby Agent

: ' Geometric

etic Geometric Standard

Agent Units Mean Deviation Range
Total dust. mg/mg 1.0 1.8 0.3-4.0
Respirable dust mg/md 0.2 1.7 0.1-1.1
o-Quartz mg/me 0.002 1.8 0.001-0.020
vOC mg/m? 8 0.6 76 0.004-10
QOil mist mg/ms 1048 0.12 2.2 0.1-1.0
Qil vapor mg/m? 3.0 1.7 3.0 0.28-14
Formaldehyde ppm 0.006 0.006 1.2 0.005-0.007
Nitrogen dioxide ppm — — B
Carbon monoxide ppm — — 8

“Mann-Whitney test between underground construction workers and outdoor concrate workers.
®Not measured, assumed to be ambient air concentrations (<0.2 ppm NO,, <2 ppm CO).

workers for a 2-min averaging period, which was much higher
than in the other groups of tunnel workers, for which a‘maximum
of 7.4 ppm was observed (concrete workers) (Table V). In total,
18% of the measurements performed on the drill and blast workers
showed exposure peaks >10 ppm. The geometric mean exposures
of carbon monoxide varied from 2.9 ppm (shotcreting operators)
to 10 ppm (support workers), and carbon dioxide varied from 690
ppm (support workers) to 1300 ppm (shaft drillers) (Table V).
The highest geometric mean exposures to oil mist (1.4 mg,/m?)
were found in shaft drillers (Table VI). Formaldehyde, oil vapor,
and VOC levels were low for all workers (Table IV). The outdoor
workers as a group had a statistically lower geometric mean ex-
posure (p<<0.01) to all measured exposures, except oil vapor
(p=0.1) (Table VII), compared with underground construction
workers (Table III).

Respirators generally were not worn by the workers during the
work shift, except for workers performing the shotcrete technique
and TBM excavation method, both of whom occasionally wore
dust masks. One-fifth of the measurements were reported by the
workers to have been taken in conditions that were worse than
usual, and 5% of the time it was reported to have been better than
usual. When the conditions were reported to be worse than usual,
the most frequent explanation was that the ventilation system was
not functioning,.

DISCUSSION

xposure of these underground construction workers to total

dust and respirable dust was found to be substantial when
compared with Norwegian occupational exposure limits for total
dust and respirable dust (10 and 5 mg,/m?, respectively). The geo-
metric mean exposure for total dust varied from 6.8 mg/m3 (shot-
creting operators) to 1.4 mg/m?® (electricians). The geometric
mean exposure for respirable dust varied from 2.8 mg/m3 (shaft
drilling crew) to 0.67 mg/m? (support workers). The TBM crew
also had substantial exposures to these substances. In a study on
shotcrete operators'® a median total dust exposure of 7 mg/m?
was found, which is close to the current findings. Controlling dust
emissions during shotcreting is not easy because an aerosol is pro-
duced from spraying concrete under high pressure, which induces
air streams with high velocity and turbulence. If enclosed cabins
on the equipment are not feasible, personal protective equipment
is currently the only alternative. When comparing the different
excavation processes (drill and blast, TBM, and shaft drilling) it
was expected that the drill and blast crew would be less exposed

than the other construction workers, which was true (2.3 mg/m?
total dust and 0.91 mg/m? respirable dust). The lower exposure
is likely due to the use of water for dust suppression throughout
the drilling procedure. In addition, the drill and blast crew worked
a distance from the drill head (~5 m) and fresh air was supplied
through the ventilation system, compared with the situation of
the shaft-drilling crew, which operated handheld equipment with
no mechanical ventilation.

The average respirable a-quartz geometric means ranged from
0.010-0.39 mg/m?. The primary source of a-quartz exposure was
rock drilling. The highest exposures of respirable a-quartz were
found for the shaft-drilling and TBM crews, which in some cases
exceeded the Norwegian occupational exposure limit (0.1 mg/
m?®) by 5 to 10 times. In total, 21% of the a-quartz measurements
exceeded the OEL. In contrast, the drill and blast crew was ex-
posed to geometric mean levels less than one-quarter of the ex-
posure limit. The larger differences across job groups observed for
a-quartz most likely indicate differences in geology among the
sites as the quartz content in the dust varied among the sites, and
sites were spread over the whole of Norway as well as one site in
Italy.

The TBM and shaft-drilling methods do not use diesel-pow-
ered equipment in the excavation on a regular basis. These workers
were mainly exposed to nitrogen dioxide and carbon monoxide
from diesel exhaust when driving in and out of the tunnel with a
locomotive. Otherwise, such exposure is only occasional. The low-
er exposure level reflects this difference. The exposures to nitrogen
dioxide and to carbon monoxide were similar across all other
groups. This is probably because the main source of these gases is
dicsel exhaust and the workers are exposed to these contaminants
as bystanders. A second source of nitrogen dioxide is blasting, and
high short-term exposures may occur to workers (most often drill
and blast crew, but also support workers and concrete workers) in
contact with the fumes in the tunnel after blasting.” Short-term
measurements of nitrogen dioxide and carbon monoxide on per-
sons passing through areas with fumes were as high as 20 ppm
(10 times the Norwegian occupational exposure ceiling limit of 2
ppm) and 120 ppm, respectively, in the current study. The 8-hour
TWA of carbon monoxide is 25 ppm, but a short-term exposure
limit of 100 ppm is recommended by the Norwegian Labor In-
spection Authority.28)

The source of the oil mist and oil vapor exposure was different
across the groups. The source of oil mist and vapor for the shaft
drilling crew was from using pneumatic drilling equipment. This
group was the highest oil mist-exposed group (GM=1.4 mg/m3),

AIHAJ (62) July/August 2001 463

>
]
h]
ol
il
(=
@
<
4
m
7]




and their aver;g‘gé xposure exceeded the Ni egian occupational
exposure limit ( 170 mg,/m3). The sources of
in the other exposed groups were from diese
of oil onto concrete forms. The average O
of these other groups were 0.29-0.45 mg/m?except for the TBM
crew (<0.1 mg/nr") All groups were expo ed.to low levels of oil
vapor. R S

Elemental ‘carbon was measured as a marker of diesel exhaust
at one site. The geometric group mean exposures of elemental
carbon ranged from 100 to 340 pg/m?. The exposure levels were
described by the workers as being lower than normal because the
activity on the site was less than usual. Samples were not collected
at other sites due to study constraints. As diesel-powered equip-
ment was used at all sites, tunnel workers were likely to be exposed
at similar or higher levels of elemental carbon. Stanevich et al.*?)
found in a potash mine arithmetic group mean exposures ranging
from 53-345 wg/m?, which were somewhat lower than in the
current study.

Dusts and gases generated outdoors may rapidly disperse in the
outside air, and therefore, the exposure levels of diesel exhaust and
gases of outdoor workers are likely to be low. However, these
workers may be exposed to dust that it is emitted close to the
workers by drilling or by cleaning of concrete forms with pneu-
matic air. Anecdotal information from the employers under study
indicated that occasionally outdoor concrete workers held jobs in
the tunnel for periods of months or years due to a limited number
of concrete workers. During these periods their exposures would
be the same as for underground concrete workers.

Respiratory effects of exposure to several of the measured
agents have been reported. Rudell et al.?® showed that exposure
to diesel exhaust for 1 hour may induce bronchoalveolar inflam-
mation in healthy human volunteers. In another study, Blomberg
et al.®) found that in healthy subjects, exposure to 2 ppm nitro-
gen dioxide for 4 hours caused neutrophilic inflammation in the
airways. In the current study tunnel workers in contact with blast-
ing fumes were exposed to levels much higher than this (20 ppm),
although exposure to these levels generally did not last more than
a few minutes depending on the efficiency of the ventilation sys-
tem. However, the GM exposures to nitrogen dioxide of job
groups was substantial (0.2-0.9 ppm). A study of machine shop
workers concluded that occupational asthma due to oil mists was
common,® and a-quartz exposure has been shown to be an in-
dependent predictor for spirometric airflow limitation.3® This
suggests that exposure to diesel exhaust, nitrogen dioxide, and oil
mist, as well as a-quartz, may all contribute to the observed re-
duction in lung function among tunnel workers.('” Evaluating ex-
posure-response associations may elucidate which of these are the
causal agents. Such information is crucial for setting priorities for
exposure prevention measures. Technological solutions are needed
for exposure prevention, because many workers feel uncomfort-
able wearing a respirator throughout a work shift and therefore
seldom use respirators. Moreover, the Norwegian Labor Inspec-
tion Authority does not accept respirator use on a permanent basis
as a preventive measure. Possible technological solutions are to
exchange diesel-powered equipment for electrically powered
equipment, improve ventilation system, or use enclosed and ven-
tilated cabins.

CONCLUSION

Undcrground construction workers are simultaneously exposed
to a variety of chemical agents including dust, diesel exhaust,
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mist and oil vapor’
haust and spraying - 1
ist exposure levels -

7, oil mist, nitrogen diéjiidc, and carbon monoxide, in
ases at levels substantially above the exposure limits. The
©of the exposure measurements and observation of poor re-
health suggest that a better control of exposures is need- -
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